he cardiac homeobox transcription factor CSX/ NKX2-5 plays an important role in vertebrate heart development. Using a yeast two-hybrid screening, we identified a novel LIM domain-containing protein, named CSX-associated LIM protein (Cal), that interacts with CSX/NKX2-5. CSX/NKX2-5 and Cal associate with each other both in vivo and in vitro, and the LIM domains of Cal and the homeodomain of CSX/NKX2-5 were necessary for mutual binding. Cal itself possessed the transcriptionpromoting activity, and cotransfection of Cal enhanced T CSX/NKX2-5-induced activation of atrial natriuretic peptide gene promoter. Cal contained a functional nuclear export signal and shuttled from the cytoplasm into the nucleus in response to calcium. Accumulation of Cal in the nucleus of P19CL6 cells promoted myocardial cell differentiation accompanied by increased expression levels of the target genes of CSX/NKX2-5. These results suggest that a novel LIM protein Cal induces cardiomyocyte differentiation through its dynamic intracellular shuttling and association with CSX/NKX2-5.
Introduction
CSX/NKX2-5 is a member of NK homeobox gene family that is conserved in evolution and acts as a DNA-binding transcription activator (Komuro and Izumo, 1993; Lints et al., 1993; Akazawa and Komuro, 2003) . During embryogenesis, CSX/NKX2-5 is expressed predominantly in the heart progenitor cells from the very early stage. Targeted disruption of murine CSX/NKX2-5 resulted in embryonic lethality due to the arrested looping morphogenesis of the heart tube (Lyons et al., 1995) . In addition, mutations of CSX/NKX2-5 cause human hereditary cardiac malformations associated with atrioventricular conduction disturbance (Schott et al., 1998) . These results indicate that CSX/NKX2-5 plays a pivotal role in normal heart development in mammals.
To understand the mechanisms of how CSX/NKX2-5 controls cardiac development, it is necessary to elucidate the molecular framework of fine-tuned transcriptional regulation of its distinct target genes. Recently, protein-protein interactions have been recognized to be important in many biological processes. Protein complexes consisting of transcription factors and cofactors are responsible for transcriptional regulation, and its composition is thought to be the key determinant of specificity and intensity of the reaction. Transcriptional activity of CSX/NKX2-5 is modulated through physical interaction with other transcription factors such as GATA-4 (Durocher et al., 1997; Lee et al., 1998; Shiojima et al., 1999) , SRF (Chen and Schwartz, 1996) , and Tbx-5 (Bruneau et al., 2001; Hiroi et al., 2001) . Here, we isolated a novel CSX/ NKX2-5-associated protein by a yeast two-hybrid screening using CSX/NKX2-5 as a bait. The protein was a novel LIM domain-containing protein, which we named CSX-associated LIM protein ( Cal ) . The LIM domain is a double-zinc finger motif and functions as a module for protein-protein interactions (Dawid et al., 1998; Bach, 2000) . Nuclear LIM proteins such as LIM homeodomain proteins and LIM only proteins are directly involved in transcriptional regulation during cell differentiation (Dawid et al., 1998; Bach, 2000) . Cytoplasmic LIM proteins are involved in divergent biological processes such as regulation of cytoarchitecture, protein trafficking, and specification of cell polarity (Dawid et al., 1998; Bach, 2000) . In regard to muscle development, the roles of cysteine-rich protein (CRP) 3/MLP, which is primarily cytoplasmic, have attracted much attention (Arber et al., 1994) . Overexpression of CRP3/MLP in C2C12 myoblasts promoted skeletal myogenesis, whereas inhibition of CRP3/ MLP activity by antisense oligonucleotide interrupted terminal differentiation of these cells. Mice homozygous for CRP3/MLP mutation exhibited dilated cardiomyopathy resulted from disrupted cytoarchitecture in cardiomyocytes (Arber et al., 1997) . These results indicate the possibility that cytoplasmic LIM proteins regulate cell differentiation as well. Recently, some cytoplasmic LIM proteins have been reported to show nuclear localization. For example, CRP3/ MLP associates with nuclear LIM proteins Lmo1 and Apterous (Arber and Caroni, 1996) and basic helix-loop-helix transcription factor MyoD (Kong et al., 1997) as well as cytoskeletal proteins, Zyxin, and ␣ actinin (Louis et al., 1997) . However, the molecular mechanism by which the cytoplasmic LIM proteins are involved in nuclear events remains largely unknown.
Here, we show that Cal functions as a coactivator for CSX/NKX2-5 and fulfills its cooperative function based on its dynamic intracellular shuttling mechanisms. Consistent with the notion that the LIM domains function as an interface of protein-protein interactions, the LIM domains of Cal are required for binding to the homeodomain of CSX/ NKX2-5. Cal itself has the transcription-promoting activity and activates the atrial natriuretic peptide ( ANP ) promoter by forming complex with CSX/NKX2-5. Cal traffics out of the nucleus by nuclear export signal (NES)-dependent mechanisms and traffics into the nucleus in response to an increase of intracellular calcium (Ca 2 ϩ ) concentration. Nuclear expression of Cal promotes cardiac differentiation of P19CL6 cells in vitro. Characterization of complex formation between CSX/NKX2-5 and Cal will provide a unique framework whereby gene expression during cardiogenesis is fine-tuned by the primarily cytoplasmic LIM proteins that were supposed to be involved in cytoskeletal organization.
Results

Molecular cloning and characterization of Cal
To identify proteins that interact with CSX/NKX2-5, we screened a human heart library by the yeast two-hybrid system using the full length of CSX/NKX2-5 as a bait, and isolated a gene out of 25 positive clones, which we named Cal . Using the human Cal cDNA, we isolated the mouse fulllength Cal cDNA, which encodes a protein of 375 aa ( Fig. 1  A) with three tandemly arrayed LIM domains in the COOH terminus. It contains a region abundant in proline residues in the NH 2 terminus. In addition, there is a leucine-rich motif that matches the consensus sequence for NES. These salient structural features are shared among Zyxin family of LIM domain-containing proteins consisting of Zyxin (Beckerle, 1997), lipoma preferred partner ( LPP ) (Petit et al., 1996) , Ajuba (Goyal et al., 1999) , and thyroid receptor interacting protein 6 (trip6; Yi and Beckerle, 1998) . Northern blot analysis revealed that there were two transcripts of different sizes, 3.2 and 6.0 kb, and that Cal was highly expressed in a variety of tissues ( Fig. 1 B) . Most abundant expression was observed in the heart and relatively abundant expression was observed in the lung, intestine, and uterus, whereas little transcript was detected in the brain and liver. RNA in situ hybridization studies revealed that Cal was ex- pressed in a wide variety of cell-lineages including the heart, lung, and intestine during mouse embryogenesis (Fig. 1 C) . Lesser transcript was observed in the liver, and no transcript was observed in the vertebral column and encephalon.
Cal forms a complex with CSX/NKX2-5
To examine whether CSX/NKX2-5 and Cal directly interact with each other in vivo , we cotransfected COS7 cells with HA-tagged CSX/NKX2-5 and FLAG-tagged Cal. Cell lysates were subjected to immunoprecipitation using anti-FLAG antibody, and coprecipitating CSX/NKX2-5 was detected by immunoblotting with anti-HA antibody (Fig. 2  A) . This result suggests that CSX/NKX2-5 and Cal associate with each other in mammalian cells as well as yeast cells. Next, to confirm the direct interaction between CSX/ NKX2-5 and Cal, and if so, to determine the domain responsible for the association, GST pull-down assays were performed with GST-Cal fusion protein and in vitro-translated CSX/NKX2-5. GST-Cal immobilized on glutathioneSepharose beads retained in vitro-translated CSX/NKX2-5, indicating the direct interaction between CSX/NKX2-5 and Cal (Fig. 2 B) . A CSX/NKX2-5 mutant lacking the homeodomain did not associate with Cal, but the homeodomain of CSX/NKX2-5 was enough for association ( Fig. 2 B) . These results suggest that the homeodomain of CSX/ NKX2-5 is necessary and sufficient for the interaction with Cal. We also examined the binding of GST-CSX/NKX2-5 and in vitro-translated Cal and its mutants. A Cal mutant lacking all three LIM domains did not associate with CSX/ NKX2-5, but Cal mutants containing at least two LIM domains did associate with CSX/NKX2-5 (Fig. 2 C) . These results suggest that the LIM domains of Cal are responsible for interaction with CSX/NKX2-5.
CSX/NKX2-5 and Cal synergistically transactivate the ANP promoter To examine the effect of Cal on transcriptional activity of CSX/NKX2-5, we performed a series of reporter assays using the luciferase reporter linked to the ANP promoter. When the luciferase construct containing the ANP promoter was cotransfected with CSX/NKX2-5 expression vector, significant fold induction of the promoter activity was observed as reported previously . Although overexpression of Cal had no effect on the ANP promoter, cotransfection of Cal with CSX/NKX2-5 induced much stronger transactivation than CSX/NKX2-5 alone, suggesting that CSX/NKX2-5 and Cal synergistically transactivate the ANP promoter (Fig. 3 A) . CSX/NKX2-5 and Cal also synergistically transactivated the luciferase construct containing multimerized CSX/NKX2-5-binding sites (Fig. 3 A) .
Next, we examined whether the interaction between CSX/NKX2-5 and Cal was required for the synergistic transactivation of the ANP promoter. Although Cal mutants lacking one LIM domain, which retain the ability to bind to CSX/NKX2-5, showed synergistic activation with CSX/NKX2-5 on the ANP promoter, the Cal mutant lacking the three LIM domains, which does not bind to CSX/NKX2-5, exhibited no significant cooperation on CSX/NKX2-5-induced promoter activation (Fig. 3 B) . These results suggest that the synergistic transactivation was dependent on the mutual binding between CSX/ NKX2-5 and Cal.
It has been reported that CSX/NKX2-5 and a zinc-finger transcription factor, GATA-4, display synergistic transcriptional activation of the ANP promoter (Durocher et al., 1997; Lee et al., 1998; Shiojima et al., 1999) . As shown in Fig. 3 C, Cal augmented this synergistic promoter activation between CSX/NKX2-5 and GATA4. We and others reported recently that CSX/NKX2-5 and a T-box transcription factor, Tbx-5, showed synergistic transcriptional activation of the ANP promoter (Bruneau et al., 2001; Hiroi et al., 2001) . Cal also augmented this synergistic promoter activation between CSX/NKX2-5 and Tbx-5 (Fig. 3 D) .
Cal is a transactivator
To understand how Cal exhibits synergistic transcriptional activation with CSX/NKX2-5, we examined the transcriptional activity of Cal. The expression vector containing Cal fused to GAL4 DNA-binding domain was cotransfected in COS7 cells with the luciferase reporter containing the multimerized GAL4-binding sites. As shown Fig. 4 , full length of Cal fused to the DNA-binding domain of GAL4 transactivated a GAL4-dependent reporter ‫ف‬ 13.0-fold compared with DNA-binding domain of GAL4 alone. Cal mutants lacking all three LIM domains, LIM2 or LIM3 domains showed no transcriptional activity, whereas the Cal mutant containing only LIM2 and LIM3 domains showed stronger activity than the full length of Cal. Deletion of LIM1 domain showed even stronger activity, suggesting that Cal itself has the transcription-promoting activity and that its transactivation domain is localized within the LIM2 and LIM3 domains, whereas LIM1 may function as a repressor domain.
Cal is predominantly localized in the cytoplasm and shuttles between the cytoplasm and the nucleus
We examined the subcellular localization of Cal protein in cultured cells. Cultured cardiac myocytes of neonatal rats were transiently transfected with FLAG-tagged Cal expression vector, and immunofluorescence analysis was performed using anti-FLAG antibody. Cal protein was predominantly localized in the cytoplasm of cardiac myocytes at steady state (Fig. 5 A) . Similar pattern of immunofluorescence was obtained in other cell lines such as HeLa (Fig. 5  A) , COS7, and NIH3T3 cells (not depicted).
Within the amino acid sequence of Cal, there was a leucine-rich sequence that matched the consensus sequence of NES (Fig. 5 B) . During a nuclear export cycle, an exportin molecule CRM1 recognizes the NES and forms a complex with RanGTP, and mediates transport to the cytoplasm (Fornerod et al., 1997; Mattaj and Englmeier, 1998; Ohno et al., 1998; Kuersten et al., 2001) . NES-dependent nuclear export is inhibited by leptomycin B (LMB) that interferes with the binding of CRM1 to NES (Kudo et al., 1998) . Inhibition of CRM1-dependent nuclear export using LMB resulted in rapid nuclear accumulation of Cal protein in HeLa cells (Fig. 5 C) . Although immunofluorescence studies indicated that the main compartment where Cal is localized at steady state was the cytoplasm, the accumulation of CAL after treatment with LMB suggested that Cal can shuttle between the cytoplasm and the nucleus.
To confirm that the putative NES contributes to nuclear export of Cal, we deleted the NES sequence (residues 123-132) in the FLAG-tagged Cal expression vector (Cal-⌬ NES) and examined the subcellular localization of Cal-⌬ NES mutant. Cal-⌬ NES was predominantly localized in the nucleus (Fig. 5 C) , suggesting that this sequence mediates the CRM1-dependent nuclear export of Cal. To test this sequence of Cal functions as an NES, we introduced this sequence into the export-deficient form of Rev-EGFP, and tested its nuclear export activity in HeLa cells. The putative NES of Cal displayed the export activity, especially in the presence of actinomycin D, which prevents nucleolar association of Rev protein (Fig. 5  D) . These results indicate that this 123-132-amino acid sequence of Cal really functions as an NES.
Cal shuttles into the nucleus in response to Ca 2 ϩ signal We explored a specific signal capable of targeting Cal protein to the nucleus. When intracellular Ca 2 ϩ levels were increased by Ca 2 ϩ ionophore A23187, Cal protein was transported to the nucleus (Fig. 6 A) . Nuclear accumulation of Cal was detected at 10 min after addition of A23187. No other cellular signals possessed ability to transport Cal into the nucleus. For example, treatment with cytochalasin D, an actin filament disrupting reagent, tetradecanoylphorbol 13-acetate, PKC activator, forskolin, an adenylate cyclase activator, anisomycin, Jun-NH 2 -terminal kinase agonist, okadaic acid, a serine/threonine phosphatase inhibitor did not induce nuclear translocation of Cal protein.
Next, we examined whether nucleocytoplasmic shuttling of Cal protein had important implications for modifying the transcriptional activity of CSX/NKX2-5. As indicated by coimmunoprecipitation experiments by using cytoplasmic and nuclear fractions of transfected cells, interaction between CSX/NKX2-5 and wild-type of Cal (Cal-Wt) was detectable predominantly in the cytoplasm and slightly in the nucleus (Fig. 6 B) . When Cal-⌬ NES, which lacks the NES and is predominantly localized in the nucleus, was cotransfected, the level of coprecipitating CSX/NKX2-5 in the nuclear fraction increased significantly (Fig. 6 B) . Furthermore, Cal-⌬ NES showed much stronger synergistic transactivation of the ANP promoter than Cal-Wt, when cotransfected with CSX/ NKX2-5 (Fig. 6 C) . These results suggest that nuclear translocation of Cal enhances CSX/NKX2-5-induced promoter activation by promoting mutual interaction in the nucleus.
Nuclear accumulation of Cal induces cardiac differentiation of P19CL6 cells
To determine whether synergistic transactivation by Cal has a significant effect on cardiomyocyte differentiation, we isolated P19CL6 clones, which stably overexpress wild-type Cal (P19CL6-CAL-Wt) or Cal mutant lacking the NES (P19CL6-Cal-⌬ NES). When cultured in the medium containing 1% DMSO, P19CL6 cells differentiated into cardiomyocytes, which exhibit spontaneous beating and express cardiac-specific genes . The expression of cardiac-specific genes was examined in P19CL6 cells, P19CL6-Cal-Wt, and P19CL6-Cal-⌬ NES during differentiation (Fig. 7 A) . Northern blot analysis revealed that expression levels of a cardiac transcription factor GATA-4 and sarcoplasmic reticulum Ca 2 ϩ -ATPase 2 ( SERCA2 ) as well as connexin 43 and calreticulin , known as downstream targets for CSX/NKX2-5, were increased in P19CL6-Cal-⌬ NES cells. RT-PCR analysis revealed that expression of ANP gene was also up-regulated in P19CL6-Cal-⌬NES cells, which was consistent with the results that Cal augmented ANP promoter activation induced by CSX/NKX2-5. Immunocytochemical analysis revealed that in P19CL6-Cal-⌬NES, a larger number of cells were stained positive with anticardiac troponin T antibody than the parental P19CL6 cells (Fig. 7  B) , suggesting that nuclear accumulation of Cal strongly promotes cardiac differentiation.
Discussion
Cal is a novel LIM domain-containing protein
We identified a novel protein Cal, which associates with the cardiac homeobox transcription factor CSX/NKX2-5. Cal is a member of Zyxin family, that commonly have a prolinerich region at the NH 2 terminus, a leucine-rich sequence, and three tandem LIM domains located at the COOH terminus. The proline-rich regions of Zyxin serve as interface to bind to SH3 domain of Vav (Hobert et al., 1996) and EVH1 domain of Ena/VASP family proteins (Renfranz and Beckerle, 2002) that are implicated in control of actin organization (Gertler et al., 1996) . LPP also contains prolinerich motifs that are required for the interaction with the EVH1 domain (Prehoda et al., 1999) . This proline-rich region of LPP directly interacts with VASP in vitro, and LPP is colocalized with VASP in the focal adhesion. The prolinerich regions of Ajuba interact with Grb2 (Goyal et al., 1999) . Expression of Ajuba enhances MAPK activity in fibroblasts and promotes meiotic maturation of Xenopus oocytes through activation of MAPK in Grb2-and Rasdependent manner (Goyal et al., 1999) . The NH 2 -terminal portion of Cal also contains stretches of proline-rich sequences. Especially, two proline-rich sequences of Cal lead us to speculate that Cal might associate with profilin and be involved in the organization of cytoskeletal actin in the cytoplasm because the sequence of consecutive prolines flanked by leucine has been thought to be a ligand motif for profilin (Mahoney et al., 1997) . Identification of proteins binding to the proline-rich region of Cal would provide further insights into its cellular function.
Cal interacts with CSX/NKX-2.5 both in vitro and in vivo GST pull-down assays and coimmunoprecipitation experiments indicated the association of Cal with CSX/NKX2-5 both in vitro and in vivo. Analyses using mutants of both proteins revealed that the mutual binding was mediated through the homeodomain of CSX/NKX2-5 and the LIM domains of Cal. Besides binding to DNA, the homeodomain of CSX/NKX2-5 acts as a module for the interaction with its binding partner such as GATA-4 (Durocher et al., 1997; Lee et al., 1998; Shiojima et al., 1999) , SRF (Chen and Schwartz, 1996) , and Tbx-5 . The LIM domains of Cal have a cysteine-histidine rich, double zinc-finger motif that functions as a protein-protein in- teraction module (Dawid et al., 1998; Bach, 2000) . The LIM domains of Zyxin interact with members of CRP family (Sadler et al., 1992) and serine/threonine kinase h-warts/ LATS1 (Hirota et al., 2000) . During mitosis, phosphorylation of Zyxin by Cdc2 promotes the binding between Zyxin and h-warts/LATS1, and the complex is targeted to the mitotic apparatus. The possibility that interaction between CSX/NKX2-5 and Cal is modulated by specific protein modification remains to be determined.
Abundant expression of Cal was detected in the heart during embryogenesis and maintained in the atrial and ventricular chambers through the adulthood. Cal was also expressed in a variety of tissues such as the aorta, lung, and intestine, but little expression was detected in the brain and liver. Although the functional roles of Cal in tissues other than the heart remain unknown at present, Cal may associate with other NK homeobox transcription factors, because the amino acid sequences of homeodomains, which are responsible for binding to Cal, are highly conserved among this class of homeoproteins. Interestingly, Ajuba has been reported to associate with thyroid transcription factor-1/Nkx2-1, a member of NK homeobox transcription factors, in mammalian cells, although the physiological function of their interaction remains unknown (Missero et al., 2001) . It is possible that there are more combinatorial patterns of physical interaction between Zyxin family LIM proteins and NK homeoproteins.
Cal shuttles between the cytoplasm and the nucleus
The leucine-rich sequence of Cal is thought to function as an NES, based on the following results: (a) the leucine-rich sequence of Cal matches the consensus of the NES; (b) predominant nuclear distribution was observed when treated with LMB, that is a specific inhibitor of CRM1-dependent nuclear export (Kudo et al., 1998) ; (c) the Cal mutant lacking the leucine-rich sequence was localized predominantly in the nucleus; and (d) fusion of leucine-rich sequence of Cal to Rev1.4-EGFP transported the Rev1.4-EGFP from the nucleus to the cytoplasm (Henderson, 2000) . Functional leucine-rich NESs have been identified in other Zyxin family members such as Zyxin (Nix and Beckerle, 1997) , trip6 (Wang and Gilmore, 2001) , LPP (Petit et al., 2000) , and Ajuba (Kanungo et al., 2000) . Although the role of Zyxin family members in the nucleus has not been fully defined, the interaction between Zyxin and h-wartz/LATS1 on the mitotic apparatus implicates the specific role of Zyxin in the regulation of cell cycle (Hirota et al., 2000) .
Cal augments CSX/NKX2-5-induced promoter activation
The interaction between CSX/NKX2-5 and Cal implicates a certain role of transcriptional regulation of cardiac-specific genes. CSX/NKX2-5 and Cal synergistically activated both the ANP promoter and the artificial promoter containing multimerized CSX/NKX2-5-binding sites. Furthermore, Cal enhanced cooperative promoter activation of ANP gene between CSX/NKX2-5 and GATA-4 or Tbx-5. These results suggest that transcriptional regulation by cardiac transcription factors may be fulfilled harmoniously by multiprotein complex.
The GAL4-based reporter assay revealed that Cal itself possesses transcriptional activity. LIM2 and LIM3 domains were endowed with the capacity to activate transcription, whereas the LIM1 domain suppressed the transcriptional activity. On the other hand, the ⌬LIM1 mutant failed to augment CSX/NKX2-5-induced transactivation of the ANP reporter (Fig. 3 B) . GST pull-down assays revealed that the LIM domains are required for binding to CSX/NKX2-5 and that deletion of LIM1 reduced the mutual binding (Fig. 2  C) , suggesting that deletion of LIM1 may also decrease the binding affinity for CSX/NKX2-5. In addition, there is a possibility that the LIM1 interferes the GAL4-DNA binding but not inhibits the transcription. It has been reported that Trip6 and LPP have transcriptional activity, and the transactivation domains were attributed to the LIM domains and a region containing the NES of trip6 (Wang and Gilmore, 2001) and to the LIM domains and the proline-rich region of LPP (Kanungo et al., 2000) . Based on the fact that transactivation domains reside in modules for protein-protein interaction, it is likely that the interaction with components of transcriptional initiation complex is involved in transcriptional activation.
Cooperative transactivation of the ANP promoter by CSX/NKX2-5 and Cal was enhanced when Cal protein was targeted into the nucleus by deleting its NES. We found that treatment with Ca 2ϩ ionophore A23187 induced nuclear transport of Cal. Pathophysiological significance of Ca 2ϩ signaling in cardiac development has not been fully defined. However, Ca 2ϩ signals are induced by various conditions including G-protein-coupled receptors (Clapham, 1995) and receptor tyrosine kinases (Schlessinger, 2000) . It is possible to assume that Cal might modulate the transcriptional activity of CSX/NKX2-5 in response to Ca 2ϩ signals triggered by G-protein-coupled receptors or receptor tyrosine kinases during cardiogenesis. Exploration of physiological ligands that activate Ca 2ϩ signals and subsequent nuclear import of Cal will undermine the molecular framework of cardiac development. Ca 2ϩ signaling plays an important role in generation of cardiac hypertrophy (Frey et al., 2000) . Nuclear import of NF-AT transcription factors is induced by Ca 2ϩ -activated phosphatase calcineurin and that transgenic mice expressing nuclear form of NF-AT3 in the heart exhibited cardiac hypertrophy (Molkentin et al., 1998) . CSX/NKX2-5 is expressed in the adult heart (Komuro and Izumo, 1993) , and it has been proposed that CSX/NKX2-5 is involved in generation of cardiac hypertrophy (Akazawa and Komuro, 2003) on the basis of in vivo findings that expression levels of CSX/NKX2-5 were increased in response to hypertrophic stimuli including pressure overload (Thompson et al., 1998) and phenylephrine or isoproterenol (Saadane et al., 1999) . Therefore, Cal may be another Ca 2ϩ -sensitive effector that translocates into the nucleus like NF-AT transcription factors and it is possible to speculate that Cal may play a certain role in generation of cardiac hypertrophy by modulating transcriptional activity of CSX/NKX2-5.
Cal may function as a signal mediator that links cytoplasmic signals and gene expression
Cal was localized in the cytoplasm at steady state and translocated into the nucleus in response to calcium, and Cal functioned as a transcriptional activator in the nucleus by cooper-ating with the cardiac transcription factor CSX/NKX2-5. These results indicate a novel function of LIM proteins that link cytoplasmic signals and nuclear gene expression.
Recently, some proteins associated with cell junctions have been reported to be involved in transcriptional regulation. A membrane-associated guanylate kinase, CASK/ LIN-2, interacts with a T-box transcription factor, Tbr-1, and stimulates the transcriptional activity of Tbr-1 in the nucleus of mammalian cells (Hsueh et al., 2000) . Jun activation domain-binding protein 1, colocalizing with integrin LFA-1, translocates into the nucleus in response to LFA-1 stimulation and acts as a coactivator for AP-1 complex (Bianchi et al., 2000) . ␤-Catenin, linking cadherins to actin cytoskeleton at adherens junctions, interacts with T cell factor to form a transcriptional activator complex in response to Wnt signaling (Barth et al., 1997) . Although CRP3/MLP binds to Zyxin and ␣ actinin in the cytoplasm (Louis et al., 1997) , forced expression of CRP3/MLP in the nucleus by fusing it to nuclear localization signal led to a cooperative enhancement of the transcriptional activity of MyoD (Kong et al., 1997) . Trip6 also acts as a coactivator for v-Rel transcription factor (Zhao et al., 1999) . However, it remains unclear how subcellular localization of CRP3/MLP and trip6 is regulated. We first clarify the molecular mechanism of how the cytoplasmic LIM protein is translocated into the nucleus and functions as a transcriptional activator.
Cal promotes cardiac differentiation in P19CL6 cells
Mouse P19CL6 cells, derived from P19 embryonal carcinoma cells, are used as a good in vitro system for molecular analysis of cardiac differentiation. In the presence of 1% DMSO, mouse P19CL6 cell efficiently differentiate into spontaneously beating cardiac myocytes that exhibit the biological features recapturing embryonic cardiogenesis in vivo ). P19CL6 cells that overexpress nuclear form of Cal (P19CL6-Cal-⌬NES) differentiated into cardiac myocytes more efficiently than the parental P19CL6 cells. In P19CL6-Cal-⌬NES cells, expression levels of SERCA2, calreticulin, connexin43, ANP, and cardiac troponin T were up-regulated, which convey properties characteristic of cardiomyocytes. Expression levels of cardiac transcription factor MEF2C did not change, whereas expression levels of GATA-4 were increased. Although there has been no evidence indicating that GATA-4 is a downstream target for CSX/NKX2-5, it is possible that expression of GATA-4 is up-regulated through undefined functions of Cal. Up-regulation of GATA-4 might have an influence on myocardial cell differentiation in P19CL6-Cal-⌬NES. These results leave an open question whether the nuclear target for Cal is solely CSX/NKX2-5. However, based on the up-regulated expression of the target genes for CSX/NKX2-5, it is reasonable to assume that cooperation of CSX/NKX2-5 and Cal promoted cardiac differentiation in P19CL6 cells. Our present studies elucidate a novel role of LIM proteins in cardiac development as a transcriptional activator, and suggest that fine-tuned gene expression during cardiogenesis is orchestrated by multiprotein complex including LIM proteins as well as transcription factors.
Materials and methods
Molecular cloning of Cal
We performed a yeast two-hybrid screening using the MATCHMAKER Two-Hybrid System (CLONTECH Laboratories, Inc.) as described previously ). The plasmid pGBT9-CSX, which encodes the GAL4 DNA-binding domain fused to the human CSX/NKX2-5, was used as a bait in screening of a human heart MATCHMAKER cDNA Library (CLONTECH Laboratories, Inc.). One clone containing a fragment of CAL cDNA was scored positive, and the full-length mouse Cal cDNA was obtained by screening a mouse heart cDNA library (Stratagene).
Northern blot, RT-PCR, and in situ hybridization analysis
For Northern blot analysis, total RNA was hybridized with cDNA corresponding to 3Ј-UTR of Cal. Probes for GATA-4, MEF2C, connexin 43, and SERCA2 were described previously . A probe for calreticulin was a gift from M. Michalak (University of Alberta, Alberta, Canada). RT-PCR analysis for ANP expression was performed as described previously . Digoxygenin labeled riboprobes were synthesized by using the 1.5-kb Cal cDNA, and RNA in situ hybridization was performed as described previously (Akazawa et al., 2000) .
Plasmids construction
The following plasmids were described previously: the expression vectors of CSX/NKX2-5 (pEFSA-HA-CSX), GATA-4 (pSSRa-hGATA4), and Tbx-5 (pcDNA3-Tbx5); the luciferase reporters containing the ANP promoter (ANP[600]-Luc and ANP[2600]-Luc); and multimerized CSX-binding sites (4ϫTTF-Luc; Shiojima et al., 1999; Hiroi et al., 2001 ). FLAG-tagged Cal was subcloned into pCAGGS vector (pCAGGS-FLAG-Cal; Niwa et al., 1991; Aoki et al., 2000) . pCAGGS vector was provided by J. Miyazaki (Osaka University Graduate School of Medicine, Suita, Japan) and T. Kobayashi and O. Hino (The Cancer Institute, Japanese Foundation for Cancer Research, Tokyo, Japan). Cal derivatives were subcloned into pcDNA3.1 (Invitrogen) and pBIND (Promega) for in vitro transcription and translation and expression of GAL4-fusion protein, respectively. For deletion analyses, the following Cal derivatives were subcloned into the corresponding vectors: Cal-⌬LIM1 (1-184, 221-375), Cal-⌬LIM2 (1-244, 279-375), Cal-⌬LIM3 (1-307, 345-375), Cal-⌬LIM123 (1-184), Cal-LIM123 (185-375), Cal-LIM23 (245-375), and Cal-⌬NES (1-121, 135-375).
Cell culture, transfection, and reporter gene assay
Primary cultures of cardiac myocytes were prepared from ventricles of 1-dold Wistar rats as described previously (Kudoh et al., 1997) . Transient transfections were performed by standard calcium phosphate methods. For reporter gene assays, pRL-SV40 (Promega) was cotransfected as an internal control. Luciferase activities were measured as described previously . P19CL6 cells were cultured as described previously . To isolate the permanent cell lines, P19CL6 cells were transfected with pcDNA3.1-Cal and pcDNA3.1-Cal-⌬NES by the lipofection method (TfxTM reagents; Promega). Stable transformants were selected with 400 g/ml of neomycin (G418; Sigma-Aldrich).
Coimmunoprecipitation experiment
We performed a coimmunoprecipitation experiment as described previously . COS-7 cells were transiently transfected with expression plasmids of pEFSA-HA-CSX and pCAGGS-FLAG-Cal or pCAGGS-FLAG-Cal⌬NES. For preparation of the cytoplasmic fraction, transfected cells were lysed in digitonin buffer (20 mM Hepes/KOH, pH 7.5, 150 mM NaCl, 1 mM EDTA, and 50 g/ml digitonin) on ice for 10 min. The lysates were centrifuged at 1,000 g and the supernatant was collected as the cytoplasmic fraction. The pellets were resuspended Triton buffer (20 mM Hepes/KOH, pH 7.5, 150 mM NaCl, 1 mM EDTA, and 10 mg/ml Triton X-100) and the lysates were used as the nuclear fraction. Protein samples were subjected to immunoprecipitation with the anti-FLAG mAb M2 (KODAK), fractionated by 10% SDS-PAGE, and immunoblotted with the rabbit polyclonal anti-HA antibody (Santa Cruz Biotechnology, Inc.). HRP-conjugated anti-rabbit IgG antibody was used as the secondary antibody and immune complex was detected by the ECL detection kit (Amersham Biosciences).
GST pull-down assay
We performed GST pull-down assays as described previously . GST fusion protein of CSX/NKX2-5 has been described previously. cDNA fragment corresponding to the full length of Cal was subcloned in frame into the EcoRI site of pGEX-3X (Amersham Biosciences). CSX/ NKX2-5 derivatives and Cal derivatives, subcloned into pcDNA3.1 vector (Invitrogen), were labeled with [ 35 S]methionine by the TNT Quick Coupled Transcription/Translation Systems (Promega). GST and GST fusion proteins immobilized on glutathione-Sepharose 4B beads were mixed with in vitro-translated proteins. Bound proteins were fractionated by SDS-PAGE and visualized by autoradiography.
Immunostaining
